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1. INTRODUCTION

There are many methods available to monitor atmospheric

aerosols near the ground and in the stratosphere where vol-

canic dust may remain for years. The technique of interest

to this report involves the measurement of neutral points,

directions in the solar vertical where skylight is unpolar-

ized. Many measurements of sky polarization, especially the "

position of the neutral points, have been made since 1886

after the eruption of Krakatoa. Regarded as one of the first

objective methods used to study the properties of atmo-

spheric aerosols, the position of the neutral points shows

seasonal variations and strong deviations during highly vol-

canic periods. Recently, extreme results were obtained in

late 1982 in Hawaii following El Chichon's eruption.

Using customary visual observations, Volz has monitored

the position of neutral points known as the Arago and Babi-

net points from Bedford and Lexington, Massachusetts. A

third neutral point called the Brewster point is more diffi-

cult to observe and will not be discussed in this report.

The data encompass an 18 year period beginning in 1968 and,

therefore, provide an excellent opportunity to study how

neutral points respond to varying tropospheric turbidity and

layers of stratospheric dust. Although not the aim of this

report, these new observations might, on the basis of good

knowledge of aerosol parameters and theoretical tools, be

N
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used to interpret the historical record of neutral points

Sekera I , Jensen 2 .

1.1 Organization of the Report

The present effort is a partial evaluation of the se-

ries of observations made by Volz. Chapter 2 presents a

brief discussion of the nature of Arago and Babinet points.

Chapter 3 presents the contents and organization of the neu-

tral point database--key material for the present study.

Chapter 4 discusses Lhe effects of tropospheric turbidity,

sea surface reflections and snow cover on the neutral point

data. Chapter 5 describes the method of removing the effects

of tropospheric turbidity on the position of neutral points.

These turbidity corrections are necessary because the move-

ment of neutral points resulting from day-to-day changes in

turbidity may overshadow any movement caused by strato-
b

spheric aerosols. Until now, such corrections could not be

made because turbidity was not an accurately measured quan-

tity. In Chapter 6, the neutral point data is presented in

a manner which reveals their complex behavior in response to

the injection of volcanic dust into the stratosphere. It

specifically focuses on the eruptions of Fuego in 1974 and

1978, and of El Chichon in 1982. Chapter 6 also includes a

brief comparison of the measurements made by Volz with those

1. Sekera, Z. (1956) Recent developments in the study of
the polarization of skylight, in Advances in Geo-
physics, Academic Press, Inc., New York, 3:43-104.

2. Jensen, C. (1957) Die Polarisation des Himmelslichtes,
in Handbuch der Geophysik, Borntraeger, Berlin,
8:527-620.
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from othe researchers. Finally, Chapter 7 summdrizes our

.A

results.

2. THE ARAGO AND BABINET PUINTS

2.1 Explanation of the Neutral Points

Arago and Babinet points result from the interplay be-

tween primary and higher-order scattered sunlight. Insight

can be gained into why these neutral points are observed

through the following argument. First, consider a single

scattering atmosphere composed entirely of small spherical

particles. Here, one would observe nearly unpolarizea light

when looking very close to the sun. This is because sunlight

is unpolarized and as a result, the light scattered in the

forward direction by spherical particles will be unpolarized

also. Now consider an atmosphere where higher-order scatter-

ing is important. This time, an observer looking towards the

sun will see light which has been scattered at least once
i

from angles other than forward direction. Because this light

is, in general, partially polarized, the observer will mea-

sure partially polarized light when looking near the sun.

Extending the argument a little further, the addition of the

multiple-scattered to primary-scattered light (having a dif-

ferent state of polarization), will lead to zero polariza-

tion being observed at other locations in the sky. Speci-

fically, the Babinet point is usually found about 20 degrees

above the sun and the Arago point (only observable when the

sun is low in the sky), is about 20 degrees above the anti-

3
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solar point. Calculations by Chanurasekbar3 , which ircorpc-

rate higher-order scattering into a Raylelgy. atmosphere,

confirm the presence of Arago and Biabinett points. Extt'rided

calculations have been performed by Coulsoni et 114 '

2.2 Factors Influencing Neutral Points

Intuitively, one would .xpect tht Arago and hbabnet

points to depend on the vertical distribution and the opti-

cal depth of the scattering aerosol. The first factor will

be important especially when a volcanic dust layer is prt.-

sent. For a Rayleigh atmosphere, the effect of optical depth

on neutral points has been investigated by Holzworth an(d

Rac 5 using the calculations by Coulson et a1 4 . They hav

shown that both the Aryo and Babinet points incrt.ase as o"

tical depth increases. Consequently, one would expect th,-

position of neutral points to depend or, the solar c.levatict

angle because the optical depth of the atmosphert. )s a tunc-

tion of solar elevation angle. in addition, assuming that

aerosols have similar effects as air molecules, one may ex-

pect a seasonal variation in the position of neutral points.

This is because a summer sky is usually hazier than the win-

ter sky.

3. Chandrasekhar, S. (1950) Radiative Transfer, Oxford
University Press.

4. Coulson, K.L., Dave J.V., and Sekera Z. (1960) Tables

Related to Radiation Emerging from a Planetary
Atmosphere with Rayleigh Scattering, University ot

California Press, Berkley and Los Angeles.
5. Holzworth, G., and Rao C.R.N. (1965) Studies of sky-

light polarization, J. Opt. Soc. Am. 55:403--408.

4
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Arago point and 1.0 degrees for the Babinet point, but very

weak fringes sometimes caused larger errors.

The primary data were obtained by measuring the angle

between the horizontal direction and each neutral point as a

function of time, that is, at odd solar elevation angles.

Since it is custouary to express the Arago and Babinet

points as the angle between zero polarization and the anti-

solar and solar direction respectively, the elevation angles

of the Arago and Babinet points were converted to solar dis-

tances:

DA = Arago elevation angle + H

and

DB = Babinet elevation angle - H,

where H is the unrefracted solar elevation angle associated .

with a particular observation of a Arago or Babinet point

(see Figure 1). Hereafter, any reference to the Arago and

Babinet points will be in terms of DA and DB unless stated

otherwise. DA and DB were then plotted against the solar

elevation angle for angles between +20 to -6 degrees and the

values at nine fixed solar elevations were determined by

linear interpolation. For the purpose of analyzing the

data, it was helpful to also calculate the difference, DBA

DB-DA. Figure 2 provides an example of these plots using

data representative of nonvolcanic periods. The data and

plots were then carefully checked for error. Since the in-

terpolation was made irrespective of large gaps in H, im-

proper values were removed. Also, extrapolation over not

6
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0 1/ 6/70 Morning
A 1/ 8/70 Morning
4 1/ 9/70 Morning
X 1/ 9/70 Evening
* 1/11/70 Morning

1 1/11/70 Evening

C3

H (DEGREES) I

0 1/ 6/70 Morning
A 1/ 8/70 Morning
+1/ 9/70 Morning

C14 X1/ 9/70 Evening
CO 1/11/70 Morning

C i

2U 1/ 80 E e -
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Figure 2. Values of DJA, DB, and a

DBA at Fixed Solar Elevation Angles
for Selected Days Between January 6,
1970 and January 11, 1970. These
Data Are Representative of Nonvolcanic
Time Periods. Note the DBA Scale
Is TWice the Scale of DA and DB
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more than 2 degrees in solar elevation was added where war-

ranted.
S

The new data file for fixed H is the subject of the

present work. The choice of the fixed H angles reproduces

the course of the original observations very well except for

the times when the volcanic influence caused DA and DB to

change rapidly as a function of solar elevation angle. This

volcanic effect on DA and DB was observed only after the ar-

rival of the El Chichon dust cloud (see Figure 3). Near suln-

rise and sunset, better agreement between the primary data

and the interpolated values would have resulted if an a.idi-

tional fixed solar angle of 1.5 degrees had been used. The

El Chichon effect also caused the measurements at a given H

to change considerably from set to set until late 1984.

3. THE DATABASE

3.1 Neutral Points

The database consists of approximately 1300 sets of ob-

servations in all. Each set contains values for DA and DB at

some or all of the following solar elevation angles: 20, 14,

10, 6, 3, 0, -2, -4 and -6 degrees. Measurements were taken

both in the morning (M) and in the evening (E), and have

been noted accordingly. The data encompass the time period

extending from October 1968 to June 1986, but there is a A

large gap from 1977 to 1980 when no measurements were taken.

Furthermore, the observations are spurious in nature and

tend to occur in groups of a few clear days because observa-

9 
5
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- 0 12/ 7/82 Evening
_ A 12/13/82 Evening

0 + 1/ 1/83 Evening
_ x 1/ 3/83 Evening

1 1/ 4/83 Evening

(a) A 1 8 1 8 1 4 1 0 -4 -8
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0 12/ 7/82 Evening

A 12/13/82 Evening
DB + 1/ 1/83 EveningBx 
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W
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1  
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1  
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Figure 3. The El Chichon Effect on (a)
DA and (b) DB and DBA for Selected Days
Between December 7, 1982 and January 4,
1983
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tions can only be made in essentially cloud-free conditions.

Figure 4 shows the number of morning and evening observa-

tions as a function of month and year.

3.2 Other Parameters

In addition to the neutral point data, six parameters

are included which attempt to characterize the optical state

of the atmosphere: atmospheric turbidity, turbidity type,

cloud conditions and snow cover, solar aureole and the loga-

rithm of the ratio of red to green light in the twilight

sky. These parameters could prove helpful when analyzing the

neutral point data. Atmospheric turbidity, plus cloud and

snow cover are described below because they are of some in-

terest to the current work. The other parameters are sui-rna-

rized in the Appendix.

3.2.1 Atmospheric Turbidity

In this report, the term "atmospheric turbidity" will

refer to the aerosol optical density (B) at a wavelength of

500 microns. The aerosol optical density is related to the

aerosol optical thickness by

B = Aerosol Optical Thickness/2.30.

Values for B were obtained by means of sun photometer mea-

surements of the solar intensity. The measurements were gen-

erally taken shortly before sunset or after sunrise. In some

cases however, the values had to be estimated from noontime

11,
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measurements because of cloud and horizon conditions. For

values of B less than 0.1, the error in the B is 0.01 in

magnitude and for higher turbidities, it is 10% of the value

of B.

3.2.2 Cloud Condition and Snow Cover

As a rule, measurements were taken only when the local

sky was nearly free of clouds. Small transient clouds were

tolerated as long as they were not in immediate vicinity of

the neutral points. The presence of clouds and snow cover

are coded in the database according to the numbering scheme

described in Table 1. A value for the cloud condition was

chosen so that it represented the average cloud cover ob-

served during the course of a whole set of morning or

evening measurements. Also, the code numbers from 50 to 53

indicate that the snow cover, within 10 km of the observa-

tion site, was estimated to be at least 30%.

3.3 Organization of the Database

Before the neutral point data could be analyzed, it was

necessary to update the existing data with additional data

provided by Volz and to then reorganize the database. The

first task was done by merging a data file composed entirely

of new data with original data. The new data consisted of

additional measurements of the neutral points and the opti-

cal paramief.trs (isC(LJ-sf d in previous section. A unified data

format was then developed bfcause the original data had been

1.3



Table 1. Cloud and Snow Cover Codes Used in the Neutral
Point Database

Code Number Observed Condition

00 No Clouds

01 Clouds less than 5 degrees above the horizon
in the direction opposite to the sun

02 Clouds less than 10 degrees above the horizon
in the direction opposite to the sun

10 Thin cirrus less than 5 degrees above the
horizon in the direction of the sun

11 Thin cirrus and altocumulus
less than 10 degrees above the
horizon in the direction of the sun

12 More dense clouds less than 10
degrees in the direction of the sun

22 Clouds less than 10 degrees above the
horizon at all azimuthal angles

33 Same as code 22 plus scattered clouds higher
up

34 Clouds all over sky, but less than 5/8

coverage

40 Cirrus and haze over much of sky

50 Snow cover, cloudless skies

51 Snow cover, plus the sky conditions in codes
11, 12, and 22

52 Snow cover, plus the sky conditions in code
33

53 Snow cover, plus the sky conditions in code
34

From 1974 to 1986 no observations were made during cloudy

conditions described by code numbers 12 to 34, 52, and 53

14



given in different. formats. The new format permits easier

access to the data when performing statistical and graphing

tasks. An example of the newly adopted format is given in

Table 2. Each line corresponds to a particular date when

neutral point data were taken. Missing neutral point data

are represented by zeros.

At this point, the data were checked as much as possi-

ble for errors (i.e. duplicate records, typos, obviously

wrong data, etc.). Also, any observations made at locations

other than Bedford or Lexington, Massachusetts were with-

drawn. This is why some line numbers do not contain data.

4. THE EFFECTS OF VARIOUS OPTICAL PARAMETERS ON THE NEUTRAL

POINT DATA

4.1 Atmospheric Turbidity

As mentioned in Chapter 2, the amount of scattering by

aerosols will affect the position of the neutral points. To

determine the extent of this effect, scatter plots of the

neutral point data as a function of the observed atmospheric

turbidity were constructed. Separate plots were made for DA

and DB, and for each fixed solar elevation angle. When mak-

ing the scatter plots, only the data taken prior to the ar-

rival of the El Chichon dust cloud were used because it was

clear that the presence of the cloud altered the location of

the neutral points much more than changes in tropospheric

turbidity (and in a way that was different from the turbid-

ity influence).

] 5 4i
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Figures 5a and 5b give plots of DA and DB respectively,

as a function of atmospheric turbidity for a solar elevation

angle of 6 degrees. For brevity, only the results at this

solar angle are presented; similar trends in the data were

observed at the other solar elevation angles(see Figures 6

and 7). Figure 5a suggests that for turbidity values less

than 0.15, DA increases rapidly as turbidity increases and

it approaches an asymptotic limit thereafter. For turbidi-

ties greater than 0.3, there is some indication that DA de-

creases, but there are too few data points to substantiate

this trend. Figure 5b indicates that DB also increases as a

function of turbidity, however, not as much as DA.

4.2 Sea Surface Reflection

For observations of DA made at a lake or sea shore,

Fraser6 showed that a decrease of up to 4 degrees can be ex-

plained if Fresnel reflection from the water surface is con-

sidered. Furthermore, both observations and theory agree

that such effects on DB (in the morning observations), are

less likely. Since our data were obtained 10 to 20 km from

the Atlantic Ocean, one needed to determine if the same ef-

fects could still be observed. Therefore, morning and

evening observations of each neutral point were compared be-

cause the neutral point-ocean-sun geometry is (for most of

the year), different at these times. To avoid any confusion %

with volcanic effects, only the data prior to 1982 was con-

b. Fraser, R.S. (1968) Atmospheric neutral points over %
water, J. Opt. Soc. Am. 58:1029-103).
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sidered. Furthermore, thos,.records of data having turbidi-

ties greater than 0.3 or cirrus clouds present at the time

of observation were not included.

Figures 6a and 6b separate DA and DB according to

morning and evening observations for a solar elevation angle

of 14 degrees. Figure 6a ir icatts that are no systematic

differt! nces ,n I, o t I te twc t :..s {, 4 I t.trvatiu n. The s l n.I.

analysis was perforni,-( for t i,- otl ir pc's, t ive solar televa-

tion angles aid Io i st rct n I f -rccs ere observed. in

light of this, it was felt thact: the: At ]antac was too far

away to affect evening obslervat ions of bl. and, therefore, no

correctic< ns tor it wure, n ..cessary.

Intert, est ingIy, Figure 6h suggsts t Iat (ur morning ob-

servations of DB may be lower than those taken in the

evening. These differences however, are too small to be of

importance and therefore, morning and evening observations

of DB wIll not be tr(:atedi dlflere:nt]y iii the re-mainder of

this report .

4.3 Snow Cover

An ari ' I ysi , s1 mi I a r t u t hat ii S ct on 4.2 was per-

formed for .snow-cove f d ind har e -(rounrd c'o,,)d 2 t 2 () s. Tb1i s was

deeme'd necessary because th( amouit f ;unl light re.f l.cted by

a snow-cov(ered surtace' Is suhstoant I'il , in al]y when corn-

7
Ipared wit, a ve,jetat :ve on,-. PrtvIous W( rk I v Luherger

7

7. Neuberger, H. (11341) 'TIe rnI i lu nc(, (A t . snow covr
on the positioni of Araq j's ruti,.1 j(,lint, Bull. Am.

Mcteorol_. Soc. 22:348--%, .
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suggests that DA may be lowered by adiout 2 ueqrets over

snow-covered fields due to the increased multiple scatter-

ing.

In Figures 7a and 7b, DA and DB at a solar elevation of

20 degrees are separated according tc snow dnd non-snow sur-

face conditions. No systematic differences occured between

the two types of surface conditions. Similar conclusions

have been made by Chandrasekhar3 . His calculations showed

that the position of a neutral point is relatively insunsi-

tive to ground albedo.

5. TURBIDITY CORRECTIONS APPLIED TO THE NEUTRAL POINT DATA

The previous chapter showed that neutral points are not

influenced by the characteristics of the ground, only the

state of the atmosphere itself. That is, most of the scatter

often observed in the neutral point data can be attributed

to daily variations in tropospheric turbidity. It seems rea-

sonable to try to compensate or correct for these day-to-day

variations because they may overshadow any movement in the 4"

points caused by the presence volcanic aerosols. This sec- .

tion describes the methods used to compensate for tropo-

spheric effects during nonvolcanic and volcanic periods.

Volz then discusses his examination of the turbidlity-cor-

rected data.

21
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5.1 Nonvolcanic Periods

Using Figures 5a, 5b and similar plots for the other

tion scheme was to draw best-fit curves through the data,

and to record the values for DA and DB corresponding to a

turbidity of 0.05. Deviations of DA and DB from the values

at a B equal to 0.05 were then estimated for predetermined

values of B by subtracting the value for DA and DB along the

curve from the value measured at 0.05. As an example, Figure

8 illustrates how the correction, A DA, is derived for an

atmospheric turbidity of 0.2 (see Tables 3 and 4 for the

complete set of corrections for DA and DB). The corrections

were then applied to the neutral point data prior to the El

Chichon eruption and after May 1983. This was done by match-

ing the observed atmospheric turbidity for a given set of

data with the turbidity values in Tables 3 and 4, and by

applying the corresponding correction values. Whenever an

observed turbidity value fell between two of the turbidities

in Tables 3 and 4, the correction was obtained by means of a

linear interpolation between the corrections associated with

the two turbidities.

With the corrections described above, the neutral point

data are normalized in effect, to an atmosphere with 0.05

turbidity. This value of turbidity was chosen because the

majority of the points are clustered around it. The approach

does not take into account other effects caused by the other

parameters in the database and therefore, should he treated

23 p
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Table 3. Tropospheric Aerosol Corrections, in Degrees,
for DA at Fixed Values of Atmospheric Turbidity and
Solar Elevation Angle

Solar Elevation Fixed Values of Turbidity
Angle

(Degrees) 0.55 0.35 0.20 0.10 0.05 0.02 0.01 0.0

20 -3.0 -3.0 -4.0 -2.4 0.0 2.2 4.5 4.5

14 2.0 -3.0 -5.0 -2.3 0.0 2.7 5.0 5.0

10 4.0 -3.0 -5.0 -2.8 0.0 2.4 4.4 4.5

6 8.0 -2.0 -3.5 -2.0 0.0 1.6 3.3 3.3

3 8.0 1.0 -2.0 -1.15 0.0 1.1 2.8 2.8

0 6.0 0.0 -2.0 -1.1 0.0 0.8 2.3 2.3

-2 7.0 1.0 -0.5 -1.05 0.0 -0.1 1.6 1.6

-4 8.0 4.0 0.0 -0.85 0.0 0.45 2.5 2.5

-6 8.0 4.0 -2.0 -0.95 0.0 2.0 2.7 2.7

Table 4. Tropospheric Aerosol Corrections, in Degrees,
for DB at Fixed Values of Atmospheric Turbidity and
Solar Elevation Angle

Solar Elevation Fixed Values of Turbidity
Angle

(Degrees) 0.55 0.35 0.20 0.10 0.05 0.02 0.01 0.0

20 -5.0 -1.0 0.0 -0.35 0.0 0.0 0.0 0.0

14 -4.0 -3.0 -2.0 -0.7 0.0 0.25 0.23 0.23

10 -3.5 -3.0 -2.0 -0.6 0.0 0.1 0.75 0.75

6 -2.5 -3.0 -2.0 -1.5 0.0 0 .85 1.2 1.2

3 -2.0 -2.0 -2.0 -1.1 0.0 0.75 1.2 1.2

0 0.0 -2.0 -2.0 -1.9 0.0 0.95 1.8 1.8

-2 2.0 -2.0 -3.0 -2.0 0.0 1. 1.b I. b

-4 2.0 -2.0 -3.0 -2.0 0.0 1.4 1.7 1.7

-6 2.0 2.0 -3.0 -2.0 0.0 1 .2 1.0 1 .
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as a first approximation. Furtiiermore, the scneme assumes

that the contribution to atmospheric turbidity from the

stratospheric aerosols is negligible, or at least constant

with time. This is probably true for nonvolcanic periods but

not for highly volcanic periods such as the months following

the El Chichon eruption.

5.2 Volcanic Periods

To determine to what extent volcanic dust in the

stratosphere affects the values of atmospheric turbidity,

Volz 8 provided the monthly averages of atmospheric turbidity

for the period prior to the El Chichon eruption and the

monthly averages beginning in August 1982 (see Table 5). It

is clear from these data that the El Chichon dust cloud

caused the atmospheric turbidity to increase substantially

during the period from October 1982 to May 1983. Using mea-

surements of peak optical depths, McCormick et al. 9 have

monitored the northward movement of the El Chichon cloud.

Their results confirm the pr-stnce of the E1 Chichon dust

cloud over northern midlatitudes during the same time pc-

r i od .

8. Volz, F.E. (1984) Volcanic turbidity, skylight

scattering functions, and sky polarizat i on and
twilight -in New England durjrng 1483, AU]. )t. 23:
2589-2593.

9. McCormick, M.P., Swissler, T.J., Full,.r, W., Hunt H.,
and Osborn, M.T. (1984) Air borne an( ground-Iased
lidar measurements of the F1 Chi chon stratospheric
aerosol from 90 degrces N t '6 degres S, (;eof_. I nt
23:187-221.

2

-' ," € "" ".' € "" " " "." € " ". "4'." ." ." ." .". " 
"

",' '. k-' '-" - . - -'- "- ,'- , . ,- • - "- • .,.-



I

Table 5. Monthly Averages of Turbidity at Lexington,

Massachusetts for the Years 1980 to 1983.

Year '

Month 1980 - 1981 1982 1983 1

January 0.04 0.075 0.11

February 0.06 0.08 0.12 -

March 0.065 0.08 0.125

April 0 .075 0.095 0.20

May 0 .13 0 .13 0.17 6

June 0.16 0.17 0.12

July 0.18 0.20 0.11

August 0.14 0 .13 0.10

September 0. 13 0 .135 0.11

()ctobe r 0.08 0.09 0.05

November 0.06 0. 10 0.04

December 0.05 0.12 0.05

;-'.

,*
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Based on the large increases of B, it is inappropriate

to apply the correction described in Section 5.1 to the data

taken between October 1982 and May 1983. in effect, one

would be overcompensating for the movement of the neutral

points because the corrections in Section 5.1 are for tropo-

spheric aerosols only. Therefore, the correction scheme was

modified before applying it to data taken during the El Chi-

chon volcanic period.

Except for one additional step, the method used to com-

pensate for tropospheric effects during the El Chichon vol-

canic period was the same as that for nonvolcanic periods.

Specifically, first the tropospheric turbidity associated

with a given set of observations was isolated by subtracting

a turbidity value representative of the El Chichon cloud.

That is,

B - B- B',
tropt

where B is the tropospheric turbidity and B v  is the

turbidity of the volcanic dust cloud. Using Btrop in place

of B, the volcanic data was then corrected using the method

described in Section 5.1 and thu set of corrections in Ta-

bles 3 and 4.

Monthly values for B ' were obtained by subtracting the

average values of turbidity for each month of the El Chichon

volcanic period (-) from the average values for the same
v

28



months during 1980 and 1981 (Bnonv). That is,

Bv , = BV - Bnonv

for each month. Here it should be noted that the day-to-day

variations in the El Chichon cloud are assumed to be rela-

tively small. This seems reasonable because the cloud was

well mixed by the time it reached the latitude of the obser-

vations and therefore, any changes in the turbidity of the

cloud should be slowly varying with time. The monthly values

of Bv , are given in Table 6.

Table 6. Monthly Values of the Turbidity of the Ela
Chichon Dust Cloud (B '), from Measurements at Bedford
and Lexington, Massachusetts

1982 1983

Oct. Nov. Dec. Jan. Feb. Mar. Apr. May

0.01 0.04 0.07 0.07 0.06 0.06 0.12 0.04

5.3 Examination of the Corrected Data

With the average turbidity effects removed, plots in

the form of Figures 2 and 3 were prepared for all the neu-

tral point data. Many probable defects were noted, espe-

cially by looking at the deviations from the seasonal trend

of DBA. In most cases, Volz could determine the source of

the error and the data were edited accordingly. A number

29
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of errors also arose from wrong turbidity values and from

incorrect classification as not being cirrus-veil cases.

The complete database has not been included as a part

of this report because it is too extensive. Copies of the

turbidity-corrected data can be obtained from Volz at AFGL.

The turbicities reported with the turbidity-corrected data

already have the monthly values of B v  subtracted. If a tur-

bidity equaled zero after subtracting Bv I, that turbidity

has been given a value of 0.02.

6. PRESENTATION OF THE DATA BY GROUP AVERAGES

In Chapter 4 it was shown that the neutral points were

not affected by the characteristics of the ground, only by

the state of the atmosphere. As a result, Chapter 5 was an

attempt to eliminate the movement in the neutral points

caused by tropospheric aerosols.

The corrected neutral point data is now presented in a

manner that reveals their behavior during various strato-

spheric phenomena. Specifically, the stratospheric aerosol

number densities and observed twilight color ratios will be

used as guides to separate the data into groups that coin-

cide with the time periods of known volcanic influences

(minor and major) and seasonal events. In effect, the group-

ing of sets of observations allows the entire data set to be

presented in a compact form and still resolve any movement

in the neutral points caused by a change in the strato-

spheric aerosol.

30



6.1 Grouping

The grouping of the data was based primarly on strato-

spheric aerosol data, but measurements of the twilight color

ratios (CR) were considered because they contain details

that may help explain the behavior of the neutral points.

Figure 9 is a comparision between the CR measurements by

Volz at Bedford, Massachusetts and the stratospheric aerosol

concentrations measured with a balloon-borne dustsonde by

Hoffman and RosenI . The stratospheric aerosol measurements

were taken every four to five weeks near Laramie, Wyoming

(42N) and have fluctuations of 5 to 20%. Figure 9 indicates

that the CR measurements follow the same trends as the

Hoffman and Rosen data, but the CR are always lower during

spring and summer than in the fall and winter. The lower

values of CR may be due to the higher turbidity near the

tropopause during the spring and summer. Therefore, in

addition to the nonvolcanic, moderate and strong volcanic

periods, groups of spring/summer and fall/winter CR

conditions were distinguished in the graphs and in the

numerical evaluation. Details on the 40 groups selected are

given in Table 7. Unfortunately, the detailed trend of CR

during the El Chichon period was not available at the time

Table 7 was prepared and therefore, the grouping of data in

the El Chichon period was not optimal.

The average values and standard deviations of DA and

DB and average values of DBA were then calculated for each

10. Hoffman, D., and Rosen, J. (1986) Atmospheric effects,
SEAN Bull. 11:No.5, 20.
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Table 7. The Grouping of the Neutral Point Data

Time Period

Group Start End Record .

Number Date Date Numbrs Clagsi ficat ion , -t A #r.n! S

1 4/112/6Rl 6/20,'68 13-2 3 WV .<t II! R,rnnant s t Vol calic Aerosol_.-

m v,.I ,f Tr 1 ,,< 'al fru.tir,fis

2 6/21/68 7/31/68 24-34 WV-S .

3 8 /11,'6P 9/28/68 35-64 WV

4 10/1h :8 10/31/68 65-95 WV -

5 1,' 1/6 B 12/1/69 )6-154 WV i1 t y Lowr ('P T)in n P ,-'-:, u-

6 1/15/69 2/16/69 155-) 7" WV-S !tart ol S[i nq Fff,{t

7 3/4/613 4/30/68 180-214 WV-S

8 5/I/68 6/30/68 215-i46 WV P:.eq CIR

9 71 4/61, 0/ W i61 247-290 WV IIqh Level ,I ,

10 10/1/6P9 l/ 2 1 "'6 291- 3l16 WV Local~ rreak of CH

11 12/4/69 1,31/70 317-367 Sudd,,n Drop of ',,l'ariio- 'R

12 2/13/70 3/30/70 360-405 (NV-Sf >tar,]," and l,"w '

1 3 4/3/70 7/,9/70 406-440 NV-S Typical S ri nq /Stnurnr, Minimhum

14 8/4/'70 1/23/71 441-511 NV-F 11 qhe'r C P

15 2/1/71 7/3/71 512-552 NV-S cldfen i Drop of FR

16 8/5/7l ",/26/71 553-571 11- lfqhrr and FluT tus iye 5ff

17 1, 1/71 1/3/72 172-601, wV -(Li.den Arrival , Fu-,p Ar.se.l i..,-

S tI r q r' I lIqht (': '. rcr tf f t I.er a',-

on I, 1 4 71 I n Guot oma 1

18 2/1/72 2/16172 610-623 WV) [rf l'h~l ,- l"' T...... Io'

1" 2,22/72 7/30/72 624-643 NV-5 ,ii nq, Sumni',r i ninfrum 1 CH

20 8,4/72 1/30/73 644-714 NV-F IA qir f' Idthr a Few Mi. ,rc'

21 2/4/73 8/ 16/73 71- 7'0 NV- S

22 9/10/73 2/24,/74 756-820 NV-F -

23 3/7/74 6/'14/74 821-83q NV-S V.,ry Il'w (P'F

24 7/6/74 11/10/74 840-87 1 NV-F Vrsriq CR, Poss;illy f rm Fuco
I ;,t ens i 1f,f 10,, 74

25 11 '27/74 1Z 18,'74 H72-HII fWVN 1S t t:ir' Artival , (u'-' A' re',.

.................

- -+..•.-.o, .+. •. - .,,. ........... . ........... ........ . . . .



Table 7. (cont.)

Time Period

Group Start End Record
Number Date Date Numbers Classification Coments

26 12/26/74 2/26/75 882-898 WV Bulk of Fuego Aerosol

27 3/3/75 9/29/75 899-918 WV-S Weak Spring/Summer Minimum of CR

28 10/7/75 1/6/76 919-926 (WV) High CR

29 1/10/76 7/25/76 927-937 NV-S Decrease of CR

30 9/6/76 3/11/77 938-959 NV-F Higher CR

THREE YEAR GAP IN DATA

31 5/22/80 5/28/80 960 964 NV-F Mt. St. Helens Eruptions On and
After 5/18/80; No Enhanced Twilights

Observed in Bedford, MA

32 10/31/81 10/2/82 965-995 WV After the Eruption of El Chichon
from 4/3/82 to 4/4/82 in Mexico, the
Increase in Twilight Effects Were
Probably Due to the Volcanic Aerosol
Arriving in the Lower Stratosphere

33 10/10/82 11/27/82 996-1019 V Still Increasing Twilight Effects;
Measurable Turbidity Increases and
Significant Changes in Neutral
Points, First in DB

34 22/4/82 3/26/83 1020-1056 V Sulk of the El Chichon Aerosol; Some
Twilight Displays Indicate That the
Dust Layer Is Very High in the
Stratosphere, Possibly in Relation
to the Recovering of DR from I to 3
Degrees Solar Depression Angle.

35 4/23/83 8/2S/83 1057-1099 (V-S) Slowly Declining Volcanic Effects
and Lower CR

36 9/l/83 2/27/84 1100-1140 MV Slowly Declining Volcanic Effects

37 3/1/84 7/25/84 1141-1177 MV-S Further Declining Volcanic Effects

38 8/8/84 1/29/85 1178-1239 (MV) Last Traces of the Scattering by the
Fl Chichon Aerosol li sappvar from
the l)aytime Sky

39 2/10/85 11/23/85 1240-1295 WV-S' Neutral Points Nearly Normal

40 12/2/85 6/17/86 1296-1357 (WV) Neutral Points Normal

Classification: V - Strong Volcanic Period and Nutral Points Strong]y Affected
MV - Modeorate Volcanic Period and Neutral Points Barely Affected
WV - Weak Volcanic Period and No Effect on Neutral Points %

NV -Nonvolcanic Period
-S - Spring/Summer Minimum of CR
-F Fall/Winter Maximum of CR

( - Weak Effects P

34

% t, 'r.



-A
of the groups in Table 7 (see Tables 8, 9 and 1L). Wher-

computing the averages, data having a turbidity grte-ate-r ttidn

0.30 or cirrus clouds present at t ke t n',fu. f utst-rval ii

were not included. Furthermore, someic grups d!iti no(t h art-

data at 20 and -6 degrees solar elevatien angle aird therf-

fore, values had to be estindated. 'iriese valuts dr, • (Wtte ',4.

in brackets.

6.2 3-D Plots and Staggered Plots

Figures 10, 11 and 12 are 3-D plcts ur DA, fib arnI iBA

.respectively, as a function of s(olar Eitvat i( dr, i I rt and

group number. The vertical axes have bee., chuse so that ),A

UB and DBA all have the same scale. Nute that the )Iott rinq

package has assigned equally spaced :ritt'rvj1is tw ,.t' t hl.

nine fixed solar elevaticrn angles and, tfl-r,' ,ri., tnt :o a,

at the far left has been compressed. Als , the prsp,,c. t, %
%a.

of the 3-D plots causi. s t.!,t -  1.1 CL ch( r. p iy, t( :- i, s,
'

the later profiles. By rt ''x J cg t P, A jLe,. ( I t .

to 40, the slow dec1 in ot [B is shik r r F, q' .* .%

Staggerud plcts ()f ,., [)b at,: [+PA ir, .

* ..

14a, 141) and 14c for tht 4C, ji(. ,,i *Yit ~ ~

of DA and Db have beenr jlte te ~.:a

14a, 14b and 14c. In (,(,[-,t rost + t 'it -I j I s, i,

staggered plots have ( 1,i, '.i , , I:

proper s[,acr,g .e W,..e , I . . -. , . ,

gles.

',.:,.:..-................._..*~- - -. .. . --,*~



Table 8. Averaged Values of DA and Their Standard

Deviations (In Parenthesis) for the Groups in Table 7.
The Brackets Indicate Those Values That Have Been
Estimated. Also, a Standard Deviation of 0.0 Means
That Only une Observation Was Available

Solar Flevation Angle (Degrees)

Group
Number 20 14 10 6 3 0 -2 -4 -6

1 21.1 21.4 21.0 21.8 22.9 21.9 20.1 20.1 21.4

'0.01 1.7 (1.3) (1.2) (1.0) (0.7) (1.4) (0.4) (2.7)

2 (21.31 21.8 20.7 21.7 21.2 20.4 20.0 20.0 22.5

(0.41 (0.4 (0.9) (1.0) (0.6) (0.4) (1.4) (0.9)

3 21.3 23.2 22.7 22.2 21.8 20.9 21.0 21.7 25.3

(1.4 (1.1) (1.5? 1.3) (1.2) (I.1) (I.1) (2.0) (2.1)

4 23.8 24.0 23.5 23.0 23.1 22.1 22.9 23.3 28.2

(1.3 (1.51 (1.3 (1.3 (1.4 (1.31 (2.0) (2.1) (2.3)

5 20.9 21.5 22.1 22.1 21.5 20.7 20.7 20.2 23.9

0.2? (1.11 (0.9) 1.0) (0.9) (0.9) (1.6) (1.4) (3.7)

b 21.1 21.3 21.4 21.5 20.4 19.3 18.4 18.9 21.7

(0.9 (1.21 (1.0) (1.2 (I. 1 (0.7) (0.7) (0.8) (0.9)

7 20.2 21.4 21.2 21.5 21.0 19.8 18.9 19.3 22.2

(1.3) (1.01 (1.01 (0.9) (0.9) (1.0) (3.0) (I.11 (2.8)

8 20.6 21.5 22.2 22.1 21.7 19.9 19.5 20.0 22.8
(1 .7) 1.6) (1.5) (1.7 (1.3 (1 .7 (1.2) (1.11 12.6)

9 21 5 21.5 21.4 21.6 20.7 19.9 19.5 21.1 24.1

1.4 1.91 1.91 (1.1) (1.31 (0.8 (0.8) (0.9) (2.2)

10 21.0 22.3 22.4 21.9 21.7 20.7 20.6 21.7 24.0

(1.4) 1.21 (1.2 (0.7) (0.6) (1.0) (1.0 (0.9) (0.0)

11 21.5 22.2 22.0 21.9 21.2 20.2 19.5 20.8 25.9

1.3 1.4) (1.1) (1.01 (0.9) (0.9) (0.9) (1.0) 1 .6)

12 22.4 21.8 22.0 21.9 21.1 19.8 19.3 20.6 24.2

0.9) (0.9) (0.8) (0.6 (0.7 (0.7 (0.7) (0.6 (0.4)

11 18.7 20.q 20.9 21.2 20.8 19.5 18.8 19.9 26.4

(2.61 f2.11 f I.5 (0.7) (0.61 (1.1 11.5) (1.7) 11.7)

i4 20.6 20.4 20.8 20.2 20.0 18.9 18.7 21.4 25.0

( .61 ,2.1) 1 1.8 (1.1>) (1.3) (1.31 11.2) (1.01 (1.8)

)P 20 1 200 21.8 21.0 20.2 19.6 19.1 19.) 24.1

(0.8) l.14) (0.'1) (0.8) (1.21 (1.1) (0.6) (0.7) (0.8)

4 2 , 22.0 21 .1 21.8 21 .0 19.2 19.0 19.7 24.5
r.. , .q! f 109 (0.6) (0.9) (0.5) (0.6) (0.8) (1.1)

:1 . 1.9 2).8 20.4 20.2 19.4 19.0 21.4 26.0
,n.K0 (1.8i (1.61 )1.2( (1.2) (0.91 (0.8) (1.0) (1.5)

14 22.1 22.8 22.1 21.3 2.0 148 4 6 214 2. 7

0 C, *(.
<

l (0.6) (1.5) (0,6] (((.81 (0.71 (0.8) (0.01

I .8 , .8 21 ., 21 .6 21 .4 17.9 18.6 20.2 (25.01

,0 2 0 (1,1 (0.8' 0.8H (0.6) (1.51

1 21 .4 20.Q 2 0 1 14.0 18.8 20.4 24.0
1 0 . 1 .l i (~ 1.(0 1 0 .9 ) 1 ,0 ) 1 ) 3 6 .4 )
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Table 8. (cont.)

Solar Elevation Angle (Degrees)

Group
Number 20 14 10 6 3 0 -2 -4 -6

21 21.8 21.6 21.2 21.1 20.5 19.0 18.6 20.3 24.6
(2.4) (1.9) (1.6) (0.9) (0.9) (0.9) (0.8) (1.1) (2.6)

22 21.4 21.7 20.0 20.0 20.0 19.0 18.7 21.0 25.4
(0.7) (1.6) (1.5) (0.9) (0.8) (0.7) (0.9) (1.1) (2.1)

23 121.2] 21.3 20.9 20.5 19.7 18.6 18.3 20.2 24.7
(1.2) (0.8) (0.8) (0.7) (0.5) (0.9) (1.2) (2.3)

24 20.2 20.3 20.9 20.5 20.0 19.1 18.6 21.2 28.2
(0.0) (1.2) (1.0) (0.7) (0.9) (1.1) (1.0) (1.2) (2.5)

25 [23.01 24.0 22.2 22.5 21.8 20.7 20.5 21.4 26.3
(0.0) (1.7) (1.2) (1.1) (1.2) (1.4) (1.3) (2.3)

26 20.3 22.3 21.9 22.3 22.3 21.6 20.5 21.0 25.2
(0.8) (0.5) (1.5) (1.1) (0.8) (1.3) (1.0) (1.4) (2.3)

27 121.51 21.6 22.4 22.5 22.2 20.9 20.2 20.8 22.3
(2.5) (1.0) (0.9) (1.0) (1.2) (1.1) (0.8) (2.8)

28 [22.3) 22.5 22.1 21.6 20.8 20.1 19.3 21.6 25.5
(0.0) (1.4) (1.1) (0.7) (0.8) (0.7) (0.4) (1.5)

29 121.51 20.8 20.5 21.1 20.4 19.5 19.2 21.2 25.1
(0.0) (1.9) (0.8) (0.8) (1.1) (1.0) (2.3) (1.6)

30 20.5 21.2 21.3 21.2 20.9 19.7 19.8 21.5 27.2
(0.0) (0.6) (0.9) (1.5) (1.0) (0.8) (0.6) (1.2) (1.3) e.

31 22.0 22.0 21.7 21.7 20.3 19.1 17.8 20.6 23.0
(0.0) (0.0) (0.7) (0.8) (1.0) (1.1) (0.8) (1.8) (0.0)

32 22.2 22.1 22.0 21.8 21.7 20.8 19.8 21.6 25.5
(1.5) (1.11 (1.1) (1.2) (1.8) (1.4) (1.5) (1.4) (2.9)

33 26.6 27.2 25.8 26.7 26.5 24.7 21.8 22.8 24.7
(1.4) (2.5) (3.5) (3.1) (2.8) (2.6) (1.7) (2.5) (3.9)

34 29.5 30.9 31.5 31.7 31.6 26.4 20.8 21.6 26.0
(1.6) (2.2) (2.3) (1.6) (1.5) (2.2) (2.4) (2.0) (2.9)

35 25.8 24.7 25.5 26.6 27.4 24.6 21.7 22.0 24.6
(3.7) (1.9) (2.0) (1.5) (1.51 (1.0) (2.1) (1.6) (2.61

36 22.8 23.9 24.9 25.7 26.0 24.2 22.3 22.4 23.9
1.7) (1 .5) (1.6) 1 .4 1 (1.21 (1.2) (1 .4) 1].4 (2.6)

37 22.8 23.1 24.1 25.0 25.5 23.9 21.1 21.9 25.2
(1.9) (1.3) (1.2) (1.3) (1.5) (1.2) (1.1) (1.2) (1.0)

38 23.1 23.9 23.9 23.6 23.7 23.1 22.4 23.2 25.9
(1.6) (1.3) (1.5) (1.1) (1.2) (1.2) (1.5) (1.5)) (2.3) %

39 22.2 22.2 22.2 22.2 22.3 22.3 21.2 21.5 25.4
(1.4) (1.3) (1.2) (1.1) (1.4) (1.6) (1.1) (1.2) (1.3)

40 22.6 22.8 23.0 23.1 22.5 21.8 21.2 22.5 27.8
(1.1) (1.1) (1.]) (1.2) (1.2) (1.0) (1.0) (1.5) (2.4)

%

'V
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%



Table 9. Averaged Values of DB and Their Standard
Deviations (In Parenthesis) for the Groups in Table 7.
The Brackets Indicate Those Values That Have Been
Estimated. Also, a Standard Deviation of 0.0 Means That
Only One Observation Was Available

Solar Elvatioll Arnlql (Degreeb)

Group
Number 20 14 10 6 3 0 -2 -4 -b

1 16.9 15.4 16.2 21.1 23.9 25.3 24.8 23.0 23.4
(0.0) (0.0) (1.7) (1.2) (0.7) (1.7) (0.1) (0.6) (2.2)

2 14.7 14.6 15.1 16.7 20.2 19.7 20.9 20.1 22.7
(0.0) (0.8) (0.9) (1.1) (1.9) (1.6) (1.7) (1.3) (0.8)

3 12.9 13.1 14.7 16.8 18.7 20.3 20.2 19.8 21.6

(1.2) (1.6) (1.2) (1.2) (1.2) (1.1) (1.0) (1.3) (2.3)

4 12.6 14.6 16.1 18.2 20.1 21.6 21.7 21.4 22.3
(1.2) (1.5) (1.8) (1.2) (1.5) (1.5) (1.4) (2.2) (2.3)P

5 11.5 14.6 15.6 17.1 18.5 19.7 19.8 19.4 20.3
( 1.3) ( 1.6) ( 1.5) ( 1,27 ( 1.2) (1.3) ( 1.5) ( 1.2) ( 1.4

6 12.6 14.1 15.1 17.3 1b.6 19.5 19.3 18.4 18.7
(0.8) (2.1) 1 .5 (1 .1 (1.0) 1o.9) (1.2) 1i.8) 1 .8)

7 11.9 11.9 15.1 1b.4 17.7 19.0 18.5 17.8 )5.9
2.0) (1.5) (1.6) 1. 17 (1.i) 1 1.3} (1. ) (1.3) 1i.

8 12.6 13.0 15.0 16.2 17.4 18.6 18.2 17.9 18.7
11.8) (1.7) (1.9) (1.6) (1.8) (1.7) (1.7) (1.5) (1.8)

9 11.7 12.3 13.8 15.4 17.1 18.6 19.0 18.5 20.1 r(1.6) (2.1) (2.3) (1.9) (1.2) (1.4) (1.0) (1.1) (1.27 )

10 12.4 13.2 14.5 16.1 18.0 19.4 19.6 20.4 19.2
(1.3) (1.81 (1.7) (1.0) (0.9) (1.2) (1.4) (1.6) (0.0)

11 12.7 14.2 15.5 16.7 18.1 19.1 19.3 19.0 20.8
( 1.3) ( 1.0 ( 1.4 ( 1.37 ( 1.2 ( 1.3) ( 1.5) 1 .37 ( 1.9)

12 12.7 1 .2 14.9 16.6 17.5 18.2 1b.3 18.3 20.5
( .5) (1.5) (1 .3 1.I I) ( .1 (1 .3) (1.2 1 .3) (0.2)

13 12.8 13.1 14.6 15.5 16.7 17.3 17.3 16.9 20.0
(0.8) (1.3) (1.4) (1.5) (1.5) (0.8) (1.2) (0.8) (0.0)

14 12.0 12.5 14.1 15.7 16.2 17.0 16.8 16.9 18.3
(1. I) (1.7 (1.6) (1.5) (1.1) (I.1) (1.1) (1.6) (1.6)

15 11.6 121.9 14.4 15.2 16.3 16.9 17.2 17.0 18.0
(0.9) 1).6 (1.3) (1.6) (1.5) (0.9) 11.1) (0.9) (0.9)

16 11.9 il.7 11.5 15.7 16.9 17.5 17.5 17.7 17.8
0.6) (2.0) (2.1) (1.1) (1.2) (1. 1 (1.4) (1.2) (0.8)

17 10.0 12.8 13.4 15.4 16.2 16.8 17.0 16.8 21.1
0.07 1 .7) 11.6) (1.5) (1.2 1 .1 1 .5 (1 .77 (2.30

18 11.5 1J.0 13.8 15.2 16.6 16.8 17.2 16.7 16.4
(0.0( (1.5) (1.2) (1.4) (0.9) (0.8) (0.7) (1.4) (0.0)

19 (11.5) 12.6 14.3 14.5 15.1 15.7 16.2 16.5 (17.0)
1. ( .1 (0.2 (1 .7) (1.6 ) 1.6) (0.2)

20 11.6 13.0 14.0 15.3 16.3 17.0 17.0 17.1 17.8
(1.8) (2.0 (1.61 (1.2) (0.9) (0.9) (1.0) (1.2) (1.5)

. . . . . ... . . . . . . . . . . . . . . . . . . . . . .. . . . . . . . . . . .



Table 9 (cont.)

Solar Elevation Angle (Degrees)

Group
Number 20 14 10 6 3 0 -2 -4 -6

21 12.1 13.5 14.8 15.7 16.4 17.4 17.3 17.4 17.4

(1.8) (1.2) (1.1) (0.9) (1.2) (1.2) (1.2) (1.1) (0.91

22 11.7 12.7 14.1 15.8 16.5 17.0 17.2 17.1 17.3
(1.3) (2.9) (2.3) (2.1) (1.2) (1.0) (1.U) (1.0) (1.21)

23 12.0 13.3 13.6 14.5 15.5 1b.4 15.9 15.3 14.9
(0.9) (0.8) (1.1) (0.9) (0.8) (L.0 (0.8) (0.9) ( .1)

24 12.0 13.4 14.4 15.5 16.3 17.0 17.3 17.0 17.2
(2.0) (1.7) (1.6) (1.4) (1.1) (1.0) (0.9) (1.1) (0.8 )

25 12.0 14.9 15.4 16.6 17.4 18.4 18.2 18.2 19.1
(2.5) (1.3) (1.8) (1.41 (1.2) (1.3) (1.2) (0.5) 1 .7)

26 11.6 13.6 14.2 16.2 17.4 18.1 18.2 17.7 17.5
(0.4) (0.9) (1.7) (1.5) (1.6) (1.6) (1.4) (1.3) 11.6,

27 15.6 16.6 15.4 16.7 17.6 18.4 17.8 17.3 17.3
(0.0) (0.9) (2.0) (1.7) (1 .2) (1.2) (141 (. 3) (. 5)

28 12.0 13.7 14.5 16.9 17.8 18.6 18.8 19.9 18 .9
(0.0) (9.9) (1.9) (2.0) (1.7) (1.6) (1.1) t1.1) (1.41

29 11.5 13.8 13.5 14.9 17.0 17.6 17.4 17.6 16.5
(0.0) (0.3) (1.5) (1.9) t1.6) (1.3) (1.3) (2.5) (1.1)

30 9.6 12.3 14.0 15.4 16.3 17.6 17.6 17.4 17.0
(1.2) (1.5) (1.1) (1.1) (0.6) (0.7) (0.7) (0.7) (0.7)

31 12.5 13.6 14.1 15.1 15.8 16.6 15.0 14.4 Ib.2
(0.2) (1.0) (0.7) (0.6) (0.9) (0.9) (0.51 (0.6) (0.01

32 11.2 13.0 14.4 15.8 16.3 17.1 17.4 17.9 18.4
(1.0) (1.7) (1.8) (1.9) (2.0) (2.3) (2.4) (2.41 (2.11

33 18.8 19.5 20.2 23.2 27.1 29.9 23.4 22.5 24.4

(5.6) (4.8) (5.5) (5.9) (6.3) (5.9) 2.2) (4.1) 14.2)

34 25.2 28.4 32.1 Jb.9 41.1 34.7 23.4 20.6 21.7
(2.5) (2.9) (3.0) (2.8) (2.9) (4.7) (3.9) (3.9) (2.51

35 19.2 22.6 25.0 29.1 33.0 32.7 24.2 23.2 21.3
(2.7) (2.8) (2.8) (3.7) (3.6) (2.7) (2.3) (4.1) (2.9)

36 16.8 20.4 23.5 26.5 29.3 29.6 25.3 22.7 21.1
(3.2) (3.4) (3.3) (3.0) (3.0) (3.0) 2.1) (3.8) (2.7)

37 18.4 19.2 21.5 24.2 27.5 28.3 24.2 19.7 19.9
(4.1) (3.8) (4.2) (4.0) (3.9) (2.6) (2.1) (2.6) 12.1)

38 14.7 16.3 17.6 20.2 22.7 24.7 24.8 22.2 21.7
(1.8) (2.2) (2.0) (2.1) (1.9) (2.4) (2.1) (2.3) (1.7)

39 14.4 15.6 17.1 18.4 20.0 21.8 22.1 20.2 19.7
(2.3) (2.6) (2.5) (2.2) (2.6) (2.4) (1.4) (1.6) (1.1)

40 13.4 14.5 15.5 17.4 18.7 19.6 19.7 19.1 19.3
(3.5) (1.8) (1.4) (1.8) (1.5) (1.51 1.4) (1.6) (2.3)

%,

39 '

0
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Table 10. Averaged X'i I ues ot DIA t i t Ile Gr (,up I :r TI l,. I c
The Brackets I ndi cate Those Valu-s. That HdV,%, br(,r L t Io atea
Note That the Standard Deviat ions HaVe Not bten C I culat ed
for DBA

-Solar Elevationr Ar(I3e (ueji,,,s

Group
Numbe~r 20 14 i0 b 3 0 -2 -4 -t

1 1 -..23 -0.4 2. .L
,  

2.0

2 (-7.51 -7.3 -5.7 -S.l -2.0 -0tUb 0.9 0.7 (. 2
3 -8.5 -10.2 -8.1 -5.4 -3.4 -0.t -0.4 -1.9 -3.7
4 -11.1 -9.2 -7.6 -4.9 -2 -0.5 -1.z -2.1 -6.3
5 -9.6 -7 1 -6.5 -5.0 -3.1 -1.0 -1.0 -0.9 -4.3
6 -8.5 -7.6 -6.5 -4.2 -2.0 0.1 1.0 -0.6 -1.7
7 -8.3 -7.6 -6.1 -5.1 -3.3 -1.0 -0.4 -1.) -3.8
b-8.0 -b.7 -7.5 -5.9 -4.3 -1.5 -1.2 -2.0 -4.0
9 -I0.3 -9.1 -7 5 -6.1 -3. -I,3 -0.5 -2 5 -4. 0
Io -8.9 -8.9 -7.9 -5AB -3.7 -1.4 -0.7 -1.1 -4.8
11 -8.5 -8.0 -6.5 -5.2 -3.1 -1.1 -0.2 1 . -4.3
11 9.7 -8.6 -7.0 -S.3 -3.7 -1.6 -0.9 -2.2 4.0
13 -6.0 -7.8 -b .3 -5.8 -4.0 -2.2 -I .4 -2 .9 -4.0
14 -9.3 -8.3 -6.C -4.4 -3.9 -1.8 -1.9 -3.4 --b.b
1, -10.2 -6.8 -b.0 -5.8 -4.2 -2.7 -2.4 -2.5 -b.1
It -10.01 -9.4 -8.3 -6.1 -4.0 -1.7 -1.0 -2.0 -b.7
17 -12.5 -9.1 -7.5 -5.0 -4.1 -2.6 -1.9 -4.4 -4.4
18 1-9.0; -9.0 -8.3 -6.0 -4., -3.0 -2.3 -4.7 -7.3
14 [-8.01 -7.6 -7.5 -6.8 -6.0 -2.0 -2.4 -3.7 [-6.j,
20 -11.4 -9.2 -7.2 -5.6 -3 .8 -2 .0 -1 . -3.8 -b.2
21 -10.1 -8.1 -6f.5 -5.4 -4.0 -1.4 -1.3 -3.0 -7.0
22 -10.1 -6.8 -7.3 -3.6 -1.9 -1 5 -1.5 -3.2 -8.2
23 1-10.01 -7.8 -7.1 -5.9 -4.2 -2.1 -1.4 -4.9 -9.1
24 -12.2 -7.0 -6.8 -5 .2 -39 -2 .0 -1.4 -4.2 -10.3
25 [-9.01 -7.0 -6.9 -6.1 -4.5 -2.1 -2.4 -3.2 -7.3
26 -8.8 -U.8 -7.6 -6.1 -4.9 -3.4 -2.3 -3.2 -7.8
27 1-6.01 -4.0 -7 .0 -5. -4. .6 -2.2 -3.4 -4. U
28 1-7.01 -9.7 -7.b -4.7 -3.1) -1.1- -0.5 -I.b -5.7
2- 1-10.01 -6.6 -6.9 -6.2 -3.5 -1.9 -1.9 -2.7 1-8.0,
30 12.6 -10.0 -7.4 -5.8 -4.6 -2.0 -2.1 -4.1 -IU.2,
31 -9.4 -9.4 -8.0 -6.6 -4.5 -25 -2 .8 -6.2 - .8
32 -10.7 -9.0 - 7.4 -6.0 -5.4 -3 .7 -2 .3 '4.0 -7.4
33 -6.4 -6.3 -5.3 -2.7 1 .0 5.6 1 . -0.2 -0.8
34 -5.8 -1.5 0.4 5.1 9,7 94 2 , -1 .5 -4. 1
35 -7 .8 18 -0.6 2.3 '6 8.2 2.5 1 .7 -4.
3t -7.1 -3 .7 -1 .6 0. b 3 3. .0 ( b. -3.0
37 1. 9 1.9 -2.3 -0.7 . 44 t) -2.u - 1

- .4 7.7 . 4 -2 -. 2 4 -1 0 -4.1
19 -7.4 -6.6 - .I -3.0 - -o.6 (b.-. -1. ".6
40 -10.0 -8.7 -7.3 -S.6 - -2. -lb - . 8 .4
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6.3 Discussion of the Plots

The 3-D plots are more instructive than the staggered

plots because they ),ring out general trends in the data very

well. The flat valley in DA shortly after sunset and before

sunrise (i.e. H between 0 and -4 degrees) is a pronounced

feature throughout all of the data. Prior to the El Chichor,

period, the surfaces of DA and UB have about the same

smoothness, despite the higher accuracy of the DA measure-

ments. Only the values of DB in the first group (if the

omitted observations 1 to 12 in Table 7 are included) seem

to have a significant deviation. This is probably due to the

remnants of earlier volcanic eruptions.

In the El Chichon period, DB rises about twice as much

as DA. The high values of DB extend not only to a solar ele-

vation angle of 3 degrees, but sometimes to 0 or -1 degrees.

Figure 13 indicates that the values of DB were near normal

by 1986, just like the stratospheric aerosol counts and CR

data (Figure 9).

The surface of DBA is generally a flat ridge that

reaches a maximum at a solar elevation angle of 0 degrees.

During the El Chichon period however, a peak protrudes over

the ridge. Also the surface is slightly rougher than those

of DA and DB. The edges are especially rough because fewer

observations were taken at -6 and 20 degrees. Incidentally,

the expression

DA + DB -40

40,

4c 
00



produces, even for the El Chichon condition, a very similar

course as DBA. .

One observation can be made from the staggered plots

(see Figure 14): the standard deviations of DA and DB in th.o

El Chichon period are larger than those in nonvolcanic peri-

ods. This suggests that the day-to-day movement of neutral

points is greater during highly volcanic conditions. No ex-

planation for this behavior is offered at the curru2nt time.

In an attempt to find a relationship between the de-

tails provided by the CR and the behavior of the neutral

points, a number of pre-El Chichon groups in Table 7 have

been separated according to high and low conditions of CR

(see Table 11). Group a is a comparison between neutral

point data taken after the arrival of the Fuego dust clouds

of 1971 and 1974 (high CR conditions), and background values

(low CR conditions). In groups b through f, fall/winter mea-

surements (high CR conditions), of the neutral points are

compared with those for the spring/sumier (low CR condi-

tions). Here it should be noted that group nurmbers 32 .1

through 40 in Table 7 were not included in the analysis be-

cause these data %ere dominated by presence of the El Chi-

chon dust cloud.

For group a, no significant differences were fot>nd be-

tween the values of DA, Db and DBiA in 1i tgh CH cono i t Iins

and those in low CR conditions. In light of this, we f.]l

that the Fuego dust clouds of 1971 an( 1974 w r probably

too diffuse to effect the posit ion Cl tie ln .utral poe nts s

4 7
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In contrast, groups b through f indi ai t,,t t I.t r ...

seasonal movement of DA and DB. Tn particular, qr~ups r,

and d yield essentially the samc. di ff er,.nc .s L,-t,. r. -"

fall/winter values of DA, DB and DBA and sIprny, sumv.ri m# c

surements (illustrated for DBA in Figure 15). Groups t, ae l

f, on the other hand, differ from groups b through u in v --

ious aspects. Unfortunately, we have no explanation f0 tlf"

behavior of groups e and f and consequently, feel it wculi

be premature to draw conclusions from the? results in 1-> urt.-

15.

b c d

-2
.4.

20 10 0 -6
H (degrees)

Figure 15. ADBA as a Funct l(,n ef S ldr
Elevation Angle for Superqroup !, tI r)Uqlh I
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6.4 Comparison with uther Measuremients

6.4.1 Data from Maunia Loa, Hawaii during the El Chichon
Per iod

t1,' ILI~ b.k (~ t ('I(,U t iCtieUd l UfIL USUdtI Iy Irtat

al1t 1 t Ute t- I, T. r(j4'1cs sriui t 1,, at t i ttitu erupt ion. Lidar

ritt urnis peciktzoi at t to 2 7 krn, c--IfTlpar trl w ,t~ liiI7 to 22 kmn on

mocst (iuINS l~, r.. I trern I mIT1cI t 1 tudf s, a Iud t he optical

t~lk~eS Wit~ Uf t twlC( i5, luirq(- alsc. Frot his photo-

ru'larnit ric ni~f 'iur( [lt r~t s dur ing July and Augu1st of 1982 at

Mit,.na ! a , HdWi I , (WuL I Eon ha JlciS Wi Ved nut ral piCInt data.

H:, S do I exn I I lnt.t rnore t- 1r ;:( uncted f fat ures ( see Fi gure

IIwhter, comrei.Id tit the valu~es in Figure 3. In partacu -

l r ,) 1, rCs t d k-i iy r es Li t oi solIa r elevat ion o f 4 d(-

grec-s, descended moumen tar i Iy to abocut 0 dlegrees at the timne

when the sol ar rays passed tha ougli the aerosol layer tangen-

tially (ie. at a refracted solar elevation angle of O de-

yrues) , and asceuded again. To honor the late Kinsell L.

Cou ison1, Who I a rst nieasured theseL sunset features, we pro-

PGSe' tG lionl. trhin Coulson features. in short, Coulson fea-

t u es art, chaxact er ized by a ma ninium value of DB near sunset

or s u nr is) t rl. dn increasc at negative solar elevation

I n our ob)Isx vat ions, good examiples of the Coulson fea-

t iii 1; Set-a t (-) t(ve occurred or.],,, on u1 few evenings between

r (Il 'l _H a) Inuary 1983. Four of the best cases are

sfwwri in Figure 17; theit similarity to the Hawaii results

.1. ioU1o~, .1- 1983) Effects o)f the El Chichon volcanic
cuI~ . I tit- StId t ospher e (' r thfe polIari za t ion of

I qhtt I rum tue, sky, Appi . ()pt. 22: 1036-1050.

%. . ( a J ~ -* .. a * *.



MAUNA LOA OBSERVATORY
JUL+AUG, 1982

60

a)

30

(a) 01
8 0 -10

H (degrees)

60 1 1

30

8 0 - 10-

H (degrees)
Figure 16. Values for (a) DA and
(b) DB During the Very High
Volcanic Turbidity Conditions at
Mauna Loa, Hawaii (Adapted f Hm
Figures 14 and 15 of Coulson ).
The Dashed Lines are Background
Values
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COULSON FEATURES
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Figure 17. Examples of the Coulson
Features in Our Data for Selected
Days Between November 6, 1982 and
December 4, 1982
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is evident. Weaker Coulson features were also observed be-

tween July and September ol 1983, but under less favorable

observation conditions. Intterestingly, our Coulsoni features

seem to coincide with the time periods when an aerosol layer

was observed above the normal El Chichom dust cloud. The

aerosol layer, which may bt, the format ior of sulfuric acid

Iroplets from sulfur dioxide gas, of the 1.: ('hichon eruption,

has be.en se.eri at alt itudes of up to 40 km (ot ncithern mid-

(lIt itudes) il the European I idar Wedsui~ ritb of Adriirfni et

l and thf,_ sa ltel1lto uit d fronm Clarc , 1 Unt(,rtullat ely,

it is to( dI ffIcult t( c(o1t , r, ad (L ,r - t re.lat i(,ishii

in the ouls('r I*-aturi-s 0i:it tit !. g ,.li t)(.)! layer-l

,':h t is , tim* 1 (JOI 'li o h ' .h ,t, lI 1 t. (d a o t, *(,I ilft -rrl t

lI1 Ig t d t.2S 1i I d t tfwrtI(Jore, th west-t(,- ,t ) ,t 1 ,

dui t (]( 1u I t,st k)f , '(' IltiJ .i wl.'i (r!tr ,L t A '.- I

(4)5'l V'e(J ".)u I i i fte t ur('!-, tr,u t t- IJll , if I

b.4.2 Historical Data

T It, 1 airf [liily s i ke ()I rii~tt I, 1I rII i < II

t tit, f rst (l t lr( ,. j , 0 1(jott, , t4 "t I, 8 " - t

dJuruit 1(,I, dld re ,( , all c ,V.' (ri'; tt , .' I ,

t rum 8 (eyr tts to - 5 (5t grtF.'-. tr tl. . I r,, I t , t ',

12. A-dri a ni A, . - CondIedut , . , Gobb i , G.P., , 1 , 1 . , ar-d
Fiocco, G. (1984) The L- l . c1lii AChichon,( 1 e lid 1)t -
served by lidar in Frdic (du ti , Maroli ]'H,,: Ai,i .1
.Lackscatteri q and :xt irict I on, Fri ti.i i ( 1,I ,

tfrnat(ional Radiatun n"s Sn lii .o, a, t M "1
August 1984, A D e ppak Put)] I sb: rig l i t , 1, Va

13. Clancy, R. (1986) El Chi chon an(d "niyst, r cl(,ud"
aerosols between 30 aid 50 km: g Itd l ,tI ) L Vt :,, t
f row the SME visible :putrorl.e ,,i , 1,', v: l. .t
Lett. 13:937-940.
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7. Summary

The Arago and Babinet neutral points, defined as the

distances DA and DB from the ant isolar and solar angle re-

spectivel, were obtained at Bedford and lexington, Mas-

sachusetts, for most of the years between 1968 and 1986.

Neutral point data at nine fixed solar elevations formed the

basis for the present effort. Many observations extend to

solar elevations of 20 degrees and -6 degrees. The data have %

been checked carefully for errors and combined with addi- ,,1

tional measurements of atmospheric turbidity, turbidity

type, cloud cover, solar aureole and twilight color ratio.

The resulting database consists of a total of about 1300

morning and evening observation sets.

The main purpose of the present effort was to assess

the seemingly undetectable effects of the two moderate vol-

canic dust veils of Fuego in 1971 and 1974, and the large

effect after the El Chichon eruption of 1982. Prior to this,

the effect of tropospheric turbidity on the neutral points

was determined us-ng the data preceeding 1980. The neutral

points were, then corrected accordingly. In addition, the ef-

fects of snow covered ground and sea surface reflection of

sunlight on tie neutral points were found to be negligible.

The data set wcs subdivideo into 40 groups for plotting

purposes. The grIupnIIg was based primarily on stratospheric

aerosol (Atl , hLt t 1(e etal Is CA tile twilight color ratio

lea surtmIcts wer d 1 :;v consi dred . A number of observations

weie made t w !ht- the plots:

01F

%.4
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1) the surface of DA contains a pronounced flat valley
near a solar elevation angle of -2 degrees

2) for the pre-El Chichon period, the 3-D plot of DBA
has a much rougher surface than that of DA and DB

3) the El Chichon effect on the data took at least three
years to subside

4) the grouping of the data according to high and low
values of CR seems to have yielded signatures for the
spring to fall effect

5) the weak eruptions of Fuego were not detectable

6) the standard deviations of the neutral point data in
the El Chichon period were larger than those in non-
volcanic periods

Our data were then compared with measurements made by

other researchers. In general, the increase of DB and DA

during the El Chichon episode was smaller than it was ini-

tially in the tropics. During the Fall of 1982 and early

Winter of 1983 however, the high values sometimes continued

at negative solar elevation angles, with a sharp minimum in-

tervening at actual sunset or sunrise (that is, at 0 degrees

refracted solar elevation angle). These "Coulson features,"

which seem to have been caused by the especially great

height of the El Chichon dust cloud and the reduced volcanic

turbidity at lower altitudes, were not observed after the

eruptions of 1902 and 1911, probably because the high layers

of volcanic dust did not exist.
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Appendix

Additional Parameters in the Database

A.1 Turbidity Type

The Turbidity Type (TT) is a qualitative observation

that gives a sensitive indication of the size distribution

in the radius range from about 0.2 to 2 microns. The obser-

vations were made at a solar elevation angle of about 25 de-

grees and require the use of brown sunglasses, both for re-

duction of glare and for the supression of molecular scat-

tering. Cold air inflow is often characterized by strong

forward scattering and by blue sky farther than three de-

grees from the sun (TT=I.3). By contrast, hazier skies may

exhibit a nearly constant brightness (and color) up to 20

degrees away from the sun (TT=2.0). The turbi(Iity type is

stored in the database as TT x 10.

A.2 Solar Aureole

Normally, the sky around the sun is vei', I i iT A,

the forward scattering by dust part c] s ,I ii ]].. Tti cpI

particles typically have diameters hetwei, tfout 2 n i

microns, comparable in size to tcg and clouci (irclplets. ;,s

shown by observations in the course of a cl]-.r day, the (iuS ,

and pollen are lifted by wind and turbult ut- I Iuii, tl.c sui-

face industry and road triaffic. th,y I. at cdt

convection.
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Rather crude estimates of aure(;1e brightness (A) were

obtained until 1974 by looking at the sky about 0.5 degrees

from the sun, from the shadow of a distant roof. if with the

unaided eye, the aureole wcs not glaring or was barely

glaring, the designation was A=0. if one sunglass was needed

to reduce glare sufficiently, then A=1, etc. Sky conditions

with cirrus veils can easily be recognized by this method

because these ice crystals have very strong forward %

scattering up to 0.2 degrees from the sun. The brownish

sunglasses used to make the measurements had an optical

density between 1.0 and 1.3 for wavelengths between 0.45 and

0.55 microns, and 0.5 at wavelengths of 0.64 and 0.35

microns.--

A.3 Color Ratio

Th, ] ga r' t 11 of tlie c( l r Icit a (ICR) as derived from

c08t uous recordd rigs du ii.g twi Ii qht of the sky's intensity

at wav-l "'gtis (f 0 5 TI. micro,,s f() and 0.85 microns (U) at

t(J . 1qi 1 V, ,.i i 1, the s(,lar aziruth. At four to five

: , la i p - r, 5 mn a g],, thfe inttnsity at U responds

' qly t JiD(ua , t of v<,I (an u . osol. The U in-

1 11,w tv i, k I (,Iu l ds , or beyond the

t, r i tj 1. o ( kw s( as t o reduce the .1 -

. -A , s : " ¢ J, (s 1 (as. oftel-n evidenced

n it '.I; nicts, Ihe soIJr 1]lumina-

U ' ;.It t .]. .ItaTkC: j, k I (iur IIg th e twilight "

,I t ." I , ic ( "I1( a r t ] (r. d cloud shadows ar:-

S, .
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barely recognizable. Therefore, the intensity decrease at G

serves as stable reference for that at U:

LCR=IogI0 [(U/G) 4 degrees /(U/G) 0 degrees .

it follows that for periods of a few months duration, the

upper level of LCR corresponds to twilights undisturbed by

distant clouds (whether volcanic or not), while reduced LCR

could indicate such cloud disturbances. Because the neutral

point observations were made in white light ( X eff 0.55

microns), it is unlikely that they will respond to the clou(d

disturbance indicated by the LCR values.

p%

1°V
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